Antimicrobial peptides are effector molecules of the innate immunity of amphibians. Here, one antimicrobial peptide cDNA precursor, prepropalustrin-2CE3, from the tadpole of the Chinese brown frog Rana chensinensis was cloned. The coding sequence corresponding to the mature palustrin-2CE peptide was subcloned into pGEX-6p-1. The soluble GST-palustrin-2CE fusion protein was successfully expressed in the BL21(DE3)-pLysS strain at 16 C, and the proportion of the fusion protein reached 35%-39% of the total cellular protein.
New naturally-occurring bactericidal and fungicidal agents are urgently needed, and have been found to be important alternatives to antibiotics in the current era of multidrug-resistant pathogens. 1, 2) Antimicrobial peptides produced by a wide range of animals and plants are evolutionarily well-conserved components of the hosts' innate immune systems.
3) Generally, antimicrobial peptides are cationic, amphipathic molecules, and most of them contain less than 100 amino acid residues. By disrupting the cellular membrane or interdicting nucleic acids or protein synthesis, antimicrobial peptides possess a broad spectrum of activities against bacteria, fungi, parasites, viruses, and even some tumor cells. 4) Thus, antimicrobial peptides, as potential therapeutic agents against pathogenic bacteria and fungi which have become resistant to conventional antibiotics, have attracted research and development efforts.
Amphibian skin is known to be a rich source of biologically active compounds, including biogenic amines, complex alkaloids, and antimicrobial peptides particularly. To date, more than 1,400 of such peptides have been identified from Anura, especially the species belonging to the Ranidae family. On the basis of similarities in amino acid sequence, these peptides can be classified into at least 14 well-established families, including palustrin-1 and -2, brevinin-1 and -2, ranatuerin-1 and -2, and temporin. 5) Amphibian antimicrobial peptides from ranid frogs share a conserved disulfide bond at the C-termianl end, except for temproins. Most of these peptides are cationic, forming an -helix that might help to interact with the lipid bilayers of bacterial cell membranes. Usually, antimicrobial peptides are isolated from adult frogs because of the traditional assumption that tadpoles do not possess skin granular glands and can not produce the agents. 6) After intensive studies, however, several antimicrobial peptides were successively identified in tadpoles of various species, including ranalexin, brevinin-2Oc, palustrin-2Oa, ranatuerin-2Ob, and ranatuerin-2Oe. [6] [7] [8] Purification of antimicrobial peptides from living animals or chemical synthesis is usually not sufficient, and is costly for research purpose as well as in clinical application. During the past decade, diverse purified recombinant antimicrobial peptides have been produced by various expression systems. 9, 10) Among them, Escherichia coli is still the major system 11, 12) due to several advantages, (i) high yield and economy, (ii) the antimicrobial peptides are non-glycosylated proteins, (iii) the fused tag can help to neutralize the toxic activities of antimicrobial peptides as to the host and are easy to purify, and (iv) the possibilities of manipulation and alteration at the gene level. 13, 14) In this study, prepropalustrin-2CE3 cDNA directing the synthesis of palustrin-2CE was identified in Rana chensinensis tadpoles. Recombinant expression of glutathione-S-transferase (GST) fused palustrin-2CE was carried out subsequently. By examining the inhibition of bacterial growth, we further investigated the antimicrobial activity of the purified palustrin-2CE peptide.
Materials and Methods
Strains and media. Escherichia coli (E. coli) strains XL1-blue and HB101 were used as host strains for cloning. E. coli BL21(DE3)pLysS was used as the host strain for expression. Staphylococcus aureus (S. aureus, 22401), Bacillus subtilis (B. subtilis, A47), Pseudomonas aeruginosa (P. aeruginosa, A62), and E. coli (44102) purchased from the Institute of Microbiology (Shaanxi, China) were employed for antibacterial assay. Multidrug-resistant bacterial strains belonging to S. aureus and E. coli (2 strains each) were purchased from the same institute. The strains were considered multidrug resistant if they were resistant to at least three drugs representing distinct classes of antibiotics. 15) Luria Bertani (LB) medium was used for culturing, and Mueller-Hinton (MH) Broth medium for antibacterial assay.
y To whom correspondence should be addressed. Fax: +86-29-85310546; E-mail: mmbiolab@gmail.com Biosci. Biotechnol. Biochem., 76 (1), [157] [158] [159] [160] [161] [162] 2012 Enzymes, vectors, and antibodies. Restriction enzymes BamH I and Xho I, T4 DNA ligase, and Taq DNA polymerase were purchased from Takara Biotech (Dalian, China). Enterokinase was from Sangon Biotech (Shanghai, China). pGEM-T Easy Vector (Promega, Madison, WI) and pGEX-6p-1 (GE Healthcare, Pittsburgh, PA) Vector were used for cloning and expression respectively. Mouse anti-GST monoclonal antibody and horseradish peroxidase conjugated rabbit anti-mouse IgG polyclonal antibody were from Applygen Technologies (Beijing, China) and Bioss Technologies (Beijing, China) respectively.
Cloning and bioinformation analysis of antimicrobial peptide genes. Total RNAs were extracted with TRIZOL Ò reagent (Invitrogen, Carlsbad, CA) from the skins of the tadpoles of Rana chensinensis. RT-PCR was performed conventionally with a pair of primers (LW-F, 5
0 -GAGCCCAAAGATGTTCACCTTGAAG-3 0 , and LW-R, 5 0 -GCT-AAATGATATTCTGCATCAAATG-3 0 ) designed based on the conserved nucleotide sequences of antimicrobial peptides genes reported previously. 16) Then the PCR products were cloned into pGEM-T Easy plasmids and the recombinants were transformed into competent cells. The clones were screened and sequenced. Based on the cDNA sequences, the deduced translation frames and the amino acids were predicted by Open Reading Frame Finder (ORF Finder) (http: //www.ncbi.nlm.nih.gov/gorf/gorf.html). Sequence queries were executed with BLAST algorithms (http://www.ncbi.nlm.nih.gov/BLAST/) against public databases. The signal peptide sequence in the N-terminal region was predicted with the SignalP 3.0 Server (http://www. cbs.dtu.dk/services/SignalP/).
Construction of the recombinant expression vector. The sequence encoding the mature peptide of palustrin-2CE was amplified from pGEM-T Easy-prepropalustrin-2CE3 using forward primer 5 0 -ACGC-GGATCCGATGACGATGACAAGGGTCTCTGGGATAGC-3 0 and reverse primer 5 0 -TCCGCTCGAGTCAAATGACATCCGA-3 0 . The underlined sequences represent the recognition sites of BamH I and Xho I respectively. The boxed sequences represent enterokinase cleavage sites. The PCR product was digested and then subcloned into the corresponding sites of pGEX-6p-1 to create expression vector pGEX-6p-1-palustrin-2CE. Positive transformants were selected and the recombinant was confirmed by sequencing.
Expression of the GST fusion peptide. The pGEX-6p-1-palustrin-2CE vector was transformed into the BL21(DE3)pLysS strain, which is recommended for the expression of toxic genes. A single clone was chosen. It grew in LB medium containing 50 mg/mL of ampicillin and 25 mg/mL of chloromycetin at 37 C with shaking at 250 rpm. Until OD 600 reached about 0.8, isopropyl--D-1-thiogalactopyranoside (IPTG) was added to the medium to final concentration of 0.1 mM, and cultivation was maintained at 16 C for 16 h. Then the E. coli cells were harvested by centrifugation at 8,000 rpm over 10 min at 4 C. The cell pellet was lysed with 2 Â loading buffer (Takara), boiled for 10 min, and centrifuged at 12,000 rpm for 2 min. The supernatant was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The expression level of the fusion protein was analyzed by Glyko BandScan software (Glyko, San Leandro, CA). The GST fused palustrin-2CE peptide (theoretical molecular weight, 30 kDa) was analyzed by Western blotting with anti-GST antibody.
Affinity purification and enzyme digestion of the GST fusion peptide. Cell pellets were harvested as described previously. A given cell pellet was disrupted by sonication at 2.5 Hz 10 times at intervals of 30 s on ice in the presence of 1 mM of phenylmethylsulphonylfluoride. The soluble fraction was separated by centrifugation, and the fusion GSTpalustrin-2CE was purified with a GST-resin column following the manufacturer's instructions (Yueke Biotech, Shanghai, China) at 4 C. Then the fusion GST-palustrin-2CE was incubated in cleavage buffer (150 mM NaCl, 150 mM Tris-HCl, 2.5 mM CaCl 2 , pH 7.4, and 5 U of enterokinase/mg of fusion protein) at 22 C for 16 h. Palustrin-2CE was visualized by Tricine-sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Tricine-SDS-PAGE), which separated proteins in a mass range of 1-100 kDa, particularly for the resolution of proteins smaller than 30 kDa. 17) Then palustrin-2CE was further purified and desalted by Sephadex G50 chromatography with ddH 2 O as the elution buffer. Finally, the purity and the molecular weight of palustrin-2CE was analyzed by HPLC and ESI-mass spectrometry by GenScript (Nanjing, China).
Antibacterial activity assay of recombinant palustrin-2CE. The antibacterial activities of the purified palustrin-2CE peptide against Gram-positive bacterial strains S. aureus and B. subtilis, and Gramnegative bacterial strains P. aeruginosa and E. coli were examined by microdilution plate assay. Aliquots of a mid-logarithmic phase bacterial suspension at 1 Â 10 4 colony-forming units (CFU)/mL were added to the peptide solution. 18) After incubation for 18 h at 37 C, antibacterial activities were evaluated as the minimal inhibitory concentration (MIC) value, which was determined by measuring the absorbance at 550 nm. At the same time, the bacterial suspensions at 5 Â 10 5 CFU/mL were examined under the same conditions. 19) The MIC value was defined as the lowest concentration of the peptide needed to hinder the growth of bacteria. Ampicillin was used as positive control and pure MH broth was used as negative control. At the same time, the antibacterial activities of palustrin-2CE aganist multidrug-resistant bacterial strains were analyzed by the same methods.
Results

Characteristics of the cloned antimicrobial peptide gene
Several clones were sequenced randomly, and two identical prepropeptide cDNAs of the antimicrobial peptide were identified (GU565962). The open reading frame (ORF) of the cDNA was predicted by ORF Finder, and the signal peptide sequence in the Nterminal region was calculated with SignalP 3.0 Server (Fig. 1A) . Besides the signal peptide region, the prepropeptide consists of two other parts: an intervening peptide region and a hypervariable bioactive mature peptide at the C-terminus. This three-part primary structure exhibits high similarity to other reported antimicrobial peptides from Rana species. The deduced amino acid sequence of the mature peptide is highly homologous to antimicrobial peptides from the palustrin-2 family (Fig. 1B) . 8, [18] [19] [20] [21] [22] [23] [24] Hence this peptide has been classified into the palustrin-2 family and named palustrin-2CE according to systematic nomenclature. 5) Since there are two prepropeptide cDNAs that have been isolated from adult Rana chensinensis releasing the same palustrin-2CE mature peptide, 25) the cDNA from the tadpole in this study was named as prepropalustrin-2CE3, subsequently. The real-time PCR was employed to quantify the amounts of palustrin-2CE RNA in the frogs at various developmental stages. The results indicated that the expression level of palustrin-2CE RNA increased with the development of Rana chensinensis (Supplemental Fig. 1 ; see Biosci. Biotechnol. Biochem. Web site).
Expression, purification, and cleavage of GST-palustrin-2CE
Expression vector pGEX-6p-1-palustrin-2CE was constructed and the sequence of the full coding region was confirmed by sequencing. After it was induced by IPTG, the target GST-palustrin-2CE protein was expressed. Depending on the data analyzed by BandScan software, the proportion of the fusion protein reached 35%-39% of total proteins (Fig. 2A) . The fusion protein, about 30 kDa, consistently with the predicted molecular weight, was present mostly in soluble form (Fig. 2B, lane 1) . Hence GST-palustrin-2CE proteins were attracted by affinity chromatography on GST-resin (Fig. 2B, lane 5) . Western blotting was carried out to identify the GST-palustrin-2CE, which resulted in one clear band with a molecular weight of 30 kDa recognized by anti-GST antibody (data not shown). After cleavage of the purified fusion proteins with enterokinase, the band corresponding to palustrin-2CE was observed on 16% Tricine-SDS-PAGE gel (Fig. 2C) . Then palustrin-2CE was obtained by Sephadex G50 chromatography. The purity as analyzed by HPLC was about 97%. The resutls of MSI-MS also indicated that palustrin-2CE (MW = 3304.6) was the main product after purification (Fig. 3) .
Antibacterial activity assay
The ability of the purified palustrin-2CE to inhibit the growth of the Gram-positive strains S. aureus and B. subtilis, the Gram-negative strains E. coli and P. aeruginosa, are summarized in Table 1 . No matter what the concentration of the bacterial suspension, it was found that palustrin-2CE had moderate antibacterial activities on the selected microorganisms. The growth-inhibitory activity of palustrin-2CE against the Gram-negative bacteria was greater than against the Gram-positive bacteria.
Even the palustrin-2 family has more than 10 peptides, and only palustrin-2b, 2c, and 2AR were examined for antimicrobial activities. The experiments were carried out under the same conditions, except that the concentrations of the bacterial suspensions were 1 Â 10 4 CFU/mL for palustrin-2b and 2c, and 5 Â 10 5 CFU/mL for palustrin-2AR. 18, 19) Hence the purified palustrin-2CE was tested at both concentrations. The results indicated that palustrin-2CE was more active than palustrin-2b, 2c, and 2AR.
Also palustrin-2CE exhibited inhibitory activity against multi-drug resistant S. aureus and E. coli, and it had similar activities against various clinical isolates belonging to the same species.
Discussion
In this study, purified palustrin-2CE was found to have moderate antibacterial activities against both sensitive and multi-drug resistance bacterial strains. This highlights the possibility of using palustrin-2CE in The open-reading frame is indicated by capital letters. The translated product had a typical three-part primary structure: a signal peptide region (bold underlined), an intervening peptide region, and a mature peptide region (underlined). The termination codon is indicated by an asterisk. The forward and reverse primers used in the construction of the recombinant expression vector were aligned with the cDNA sequence, and the BamH I and Xho I sites are underlined. Alignment was done with ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/), and sequence identities between each pair of sequences were calculated with that software. Conserved residues are indicated by asterisks. clinical practice, but, the activity of expressed peptide was lower than that of chemically synthesized palustrin-2CE. 25) It has been reported that expressed brevinin-2GU has less activity than the synthesized version.
12)
The reduced antibacterial activity might have resulted from misfolding of the intramolecular disulfide bond in the expressed peptides, since there is a cystine bridge in both the palustrin-2 and the brevinin-2 peptide.
26) While Mehrnejad et al. claimed that the expressed brevinin-2R displayed antimicrobial activity similar to the nature peptide.
11) Thus, the contribution of intramolecular disulfide bond to the antimicrobial peptides' activities remains unclear, but it is still worth expressing the antimicrobial peptides, since the E. coli expression system is more economical than chemical synthesis. In our experiment, the soluble fusion GST-palustrin-2CE protein was expressed successfully, and the proportion reached 35%-39% of total cell proteins, higher than the antimicrobial peptide adenoregulin and the LH multimers (20% and 35% respectively). 27, 28) In further studies, other strategies might be adopted to increase the activity of palustrin-2CE peptide.
On the other hand, the data excite our interest, since the expressed palustrin-2CE was the most active of the four peptides investigated ( Table 1 ). The exact molecular mechanism against bacteria of palustrin-2 peptides
has not yet been fully elucidated. Recent studies suggest that the antimicrobial activity is determined by both the physicochemical characteristics of a peptide (including sequence, charge distribution, oligomeric state, amphipathicity, and helicity) and the nature of the target cells. 29) An analysis of characteristics of the peptides revealed that the net charge and pI value of palustrin-2CE were similar to the three other palustrin-2 peptides, while the lowest GRAVY (grand average of hydropathy) value of palustrin-2CE implied its strongest hydrophilicity among these peptides (Table 2) . Hydrophilicity is considered to be one of the factors determining the antimicrobial activity of palustrin-2CE. On the other hand, various secondary structures can lead to differences in the antimicrobial activities of these peptides. Palustrin-2AR contains not only the -helix conformation but also an extended sheet, while the main conformation of the other peptides is -helix with various C-terminal conformations. Moreover, it had been confirmed that the amphipathic nature of skin defensive peptides might account for their antimicrobial activities.
30) The amphipathicity of the peptides are not the same, although palustrin-2CE, -2b, and -2c are all amphipathic molecules determined by helical wheel projection (Fig. 4) . Hence the conformation and amphipathicity of the peptides might be a further two factors A B Fig. 3 . HPLC (A) and MSI-MS (B) Analysis of Purified Palustrin-2CE. Palustrin-2CE was the main product after purification. Purity was about 97%. The average mass for palustrin-2CE was 3,304.6, calculated according to the three main peaks, labeled with ½M þ 3H 3þ , ½M þ 4H 4þ , and ½M þ 5H 5þ respectively. The mass determined was identical to the prediction. affecting the antimicrobial activity of palustrin-2CE. Thus at least three factors perhaps led to the different anti-bacterial results among palustrin-2CE and the other three palustrin-2 peptides, but it requires more research to prove this hypothesis.
In conclusion, our study identified one novel antimicrobial peptide gene, prepropalustrin-2CE3, the expression of which was identified in both tadpole and adult Rana chensinensis. The purified palustrin-2CE was confirmed to have activities against bacteria, especially multi-drug resistant ones. Thus, this research affords a basis for further studies that might accumulate data for the application of palustrin-2CE. The helical wheels were drawn with Gene Runner Software (version 3.05, Hastings Software, Las Vegas, NV). Hydrophilic residues are marked by asterisks. All three peptides are amphipathic molecules, but the amphiphilicity of the peptides are different.
